In this contribution we present an overview of recent results concerning the impact of a possible flavour dependence of the intrinsic quark transverse momentum on electroweak observables. In particular, we focus on the qT spectrum of electroweak gauge bosons produced in proton-proton collisions at the LHC and on the direct determination of the W boson mass. We show that these effects are comparable in size to other non-perturbative effects commonly included in phenomenological analyses, and should thus be included in precise theoretical predictions for present and future hadron colliders.
I. INTRODUCTION
Electroweak precision observables are interesting benchmarks to test the limits of the Standard Model and to discriminate between different scenarios for new physics. The mass of the W boson, m W , is an example of such an observable.
The Standard Model prediction for the W boson mass from the global fit of the electroweak parameters (m W = 80.356 ± 0.008 GeV) [1] has a very small uncertainty that represents a natural target for the precision of the experimental measurements of m W at hadron colliders.
Direct measurements of m W at hadronic colliders have been performed at the Tevatron pp collider with the D0 [2] and CDF [3] experiments, and at the LHC pp collider with the ATLAS [4] experiment, with a total uncertainty of 23 MeV, 19 MeV and 19 MeV, respectively. The current world average, based on these measurements and the ones performed at LEP, is m W = 80.379 ± 0.012 GeV [5] . Fig. 1 presents an overview of these measurements compared to the electroweak global fit. The CPT theorem [6, 7] implies that the mass and lifetime of a particle and its anti-particle are the same. The ATLAS measurement of the W + and W − mass difference yields: m W + − m W − = −29 ± 28 MeV [4] . The experimental determinations are based on a template-fit procedure applied to 
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Fig
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where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty, and the third to the physics-modelling systematic uncertainty.
Discussion and conclusions
This paper reports a measurement of the W -boson mass with the ATLAS detector, obtained through template fits to the kinematic properties of decay leptons in the electron and muon decay channels. The measurement is based on protonproton collision data recorded in 2011 at a centre-of-mass energy of √ s = 7 TeV at the LHC, and corresponding to an integrated luminosity of 4.6 fb −1 . The measurement relies differential distributions of the W decay products: in particular, the transverse momentum of the final lepton, p T , the transverse momentum of the neutrino p ν T (only at the Tevatron), and the transverse mass m T of the lepton pair (where m T = 2 p T p ν T (1 − cos(φ − φ ν )), with φ ,ν being the azimuthal angles of the lepton and the neutrino, respectively). The transverse momentum of the lepton pair, though not directly used in the template-fit procedure, is relevant for reweighing purposes (see, for instance, Sec. 6 of Ref. [4] ).
At leading order the W boson is produced with zero transverse momentum (q W T ), but perturbative and nonperturbative corrections give rise to non-vanishing values of q W T . While perturbative and flavour-independent non-perturbative corrections have received much attention and reached a high level of accuracy (see, for instance, Ref. [8, 9] and references therein), a possible flavour dependence of the intrinsic transverse momentum (k T ) of the initial state partons has been less investigated.
In Fig. 2 we examine the decomposition in flavour channels of the cross section for Z and W ± production differential with respect to q
A non-trivial interplay among the different flavours and the gluon is observed. The role of the gluon becomes increasingly important at larger values of the transverse momentum. In the region of the peak, instead, the dominant channels involve combinations of u val , d val ,ū andd (where a = a val + a sea andā = a sea ). For this reason, we consider important to study the impact of flavour-dependent effects on the production of electroweak bosons and on the determination of m W .
In this contribution we give an overview of selected studies related to flavour-dependent effects, focusing in particular on the results obtained in Ref. [11, 12] , showing that they can be non-negligible compared to other sources of theoretical uncertainty and should thus be included in precision physics programs at hadron colliders. The non-perturbative correction is implemented as a flavour-independent Gaussian smearing, governed by the parameter ΛNP (see Ref. [10] and App. A). The channels add to one.
II. FORMALISM
In processes with a hard scale Q and a measured transverse momentum q T , for instance the mass and the transverse momentum of an electroweak boson produced in hadronic collisions, we can distinguish three regions: a small q T region (q T Q), where large logarithms of q T /Q have to be properly resummed; a large q T region (q T Q), where fixed-order perturbation theory provides reliable results; and an intermediate region, where a proper matching procedure between all-order resummed and fixed-order contributions is necessary. For a concise discussion (and for additional relevant references) on the development of the different frameworks available to resum the logs of q T /Q and on their matching to fixed-order perturbative calculations, we refer the reader to Ref. [13] [14] [15] [16] [17] .
In the Transverse-Momentum-Dependent (TMD) factorisation framework [18] , the unpolarized TMD Parton Distribution Function (TMD PDF) for a parton with flavour a, carrying a fraction x of longitudinal momentum at a certain scale Q 2 , can be written in b T -space (where b T is the variable Fourier-conjugated to the partonic transverse momentum k T ) as :
where µ b is the b T -dependent scale at which the collinear parton distribution functions are computed and Q 0 is a hadronic mass scale. Eq. (1) is a generic schematic implementation of the perturbative and non-perturbative components of a renormalized TMD PDF. Depending on the chosen perturbative accuracy, S includes the UVanomalous dimension of the TMD PDF and the Collins-Soper kernel. Also, in principle the TMD PDF depends on two kinds of renormalization scales, related to the renormalization of UV and light-cone divergences. Here we specify their initial and final values as µ b and Q respectively. Moreover, the perturbative scales can be chosen in position or momentum space [10, [19] [20] [21] [22] [23] . For the implementation of all these details, we refer the reader to the description of the public codes that we are going to discuss. The C coefficients in Eq. (1), also called Wilson coefficients for the TMD distribution, are calculable in perturbation theory and are presently known at order α 2 s in the unpolarized case [16, 24] . They are convoluted with the corresponding collinear parton distribution functions f i 1 according to
The perturbative part of the evolution, the S factor in Eq. (1), can be written as:
It involves, in principle, the UV-anomalous dimension γ F and the Collins-Soper kernel K, which can be decomposed as:
The A k and B k coefficients are known up to NNNLL (at least, their numerical value) and the integration of the Sudakov exponent in Eq. (4) can be done analytically up to NNNLL (for the complete expressions see, e.g., Ref. [25] [26] [27] ). The perturbative coefficients of the kernel K are also known analytically up to NNNLL. A well known problem in the implementation of the QCD evolution of transverse-momentum-dependent distributions (TMDs) is the divergent behaviour at large b T caused by the QCD Landau pole. Two common prescriptions to deal with this divergence consist in replacing b T with a variable that saturates at a certain b T max , as suggested by the CSS formalism [18, 28] , or perform the b T integration on the complex plane in such a way that the Landau pole is never reached [29] . On the other hand, also the small b T region needs to be regularized, in order to eliminate unjustified contributions from the evolution of TMDs in the intermediate and large q T regions and to recover the expression for the cross section in collinear factorisation upon integration over q T . Several prescriptions exist [15, 22, 25, 30, 31] also in this case.
Two intrinsically non-perturbative factors are introduced in Eq. (1) in order to account for the large b T behavior. The first one is named g K (b T ; λ) in the TMD/CSS literature [18] . It embodies the flavour-independent nonperturbative part of the evolution. The second one, f a NP (b T ; λ ), accounts for a kinematic-and flavour-(in)dependent intrinsic transverse momentum of the parton with flavour a. The λ and λ are (vectors of) nonperturbative parameters that can be fit to data. The λ parameters are related to the quantity k a NP , several implementations have been discussed, see, e.g., Ref. [22, 32] and references therein. In particular, a kinematic-and flavour-dependent Gaussian parametrisation has been proposed in Ref. [21, 33] .
The studies that we discuss make use of three different computational tools: CuTe [10] , DyqT [19] and DYRes [20] . CuTe implements the SCET formalism, where the resummation is performed in terms of factorisation formulae that involve Soft Collinear Effective Theory operators and matching coefficients. It gives the transverse momentum spectrum of on-shell electroweak bosons at NLO (O(α s )) accuracy in the C Wilson coefficients and at NNLL in the Sudakov exponent 1 . DyqT and DYRes are based on Ref. [19, 20] and perform soft gluon resummation in b T -space. The first computes the q T spectrum of an electroweak boson produced in hadronic collisions. The second also provides the full kinematics of the vector boson and of its decay products, allowing for the application of arbitrary cuts on the final-state kinematical variables and giving differential distributions in form of bin histograms. The accuracy of both codes is up to NNLL in the resummed part, and up to NLO (O(α 2 s )) at large q T . A simple Gaussian parametrisation of the non-perturbative effects is present in these codes, as in most of the computational tools used to analyse the electroweak observables relevant for the determination of the W boson mass. A single non-perturbative parameter, g N P , usually encodes both the (flavour-independent) effect of g K and the distribution in the (potentially flavour-dependent) intrinsic transverse momentum 2 :
The values of the non-perturbative parameters used in fitting the W boson mass are usually obtained through fits on Z production data [34] , for which the relevant partonic channels are of the type q iqi , and then used to predict W ± production, despite the process being sensitive to different partonic channels, q iqj (i = j). This procedure essentially neglects any possible flavour dependence of the intrinsic partonic transverse momentum.
In order to introduce the flavour dependence, one can simply decompose g N P in the LHS of Eq. (5) into the sum g 
III. EFFECTS ON THE qT SPECTRUM OF THE W
The impact of a flavour-dependent intrinsic k 2 T on the q T spectrum of the electroweak bosons has been first studied in Ref. [11] and here we partly summarize the findings therein. Part of the analysis is devoted to the shifts induced in the position of the peak for the distribution in q V T , V = W + , W − and Z. Flavour-independent (f.i.) and flavour-dependent (f.d.) variations of the average intrinsic transverse momentum squared are considered, together with the uncertainties associated to other non-perturbative factors, such as the collinear PDFs, the renormalisation scale, and the value of the strong coupling constant. As justified in Sec. I and Fig. 2 , it is assumed that the intrinsic transverse-momentum depends on five flavours only: u v , d v , u s , d s , s, where s collectively refers to the strange, charm and bottom quarks and to the gluon.
The numerical results are obtained by means of a modified (i.e. flavour-dependent) version of CuTe [10] . Namely, the non-perturbative parameter 2Λ 2 N P (see App. A), which corrects the whole cross section at large b T , is split into a sum of two flavour-dependent non-perturbative contributions, Λ i,j , such that Λ
This decomposition reabsorbs the non-perturbative contribution to QCD radiation into Λ i,j . The flavour dependence of Λ i,j is compatible with the ratios fitted in Ref. [33] . The goal is to combine flavour dependent parameters in such a way to respect the values of Λ N P fitted on the Z data, generating at the same time different values Λ i,j to be used in the calculation of the differential cross section for W ± (we refer the reader to Ref. [11] for the precise values of Λ i,j used in the study).
The shifts (quantified in GeV) induced by different perturbative and non-perturbative contributions are summarized in Tab. I. The renormalisation scale is varied between 1/2µ c and 2µ c , with µ c = q T + q , where q is a cutoff introduced in the SCET formalism to avoid the Landau pole [10] . The scale in the hard part has not been varied. Regarding the impact of the collinear PDFs, the result shown in the table is the smallest interval which contains 68% or 90% of peak positions, computed for every member of the NNPDF3.0 set [35] . The strong coupling is varied by ±0.003 from the central value of 0.118.
TABLE I: Summary of the shifts in GeV induced on the peak position in qT spectra of W ± /Z, generated by different effects. "f.i." stands for flavour-independent, whereas "f.d." for flavour-dependent. "Max W ± " effect indicates the maximum shift induced on the peak position of the W ± qT spectrum by flavour-dependent variations of k 2 T that keep the peak of the Z qT spectrum unchanged. For the values of the flavour-dependent non-perturbative parameters we refer the reader to Ref. [11] . The shift induced in the peak position from flavour-dependent k 2 T is smaller than that induced by scale variation, α s variation and flavour-independent k 2 T , but comparable in magnitude. It is also bigger than the uncertainty from the PDF set, which is the only other uncertainty where the shifts are not almost perfectly correlated between the three vector bosons. With flavour-dependent variations of k The analysis in Ref. [11] thus shows that the uncertainty on the peak position for W ± bosons arising from the flavour dependence of the intrinsic transverse momentum is not negligible with respect to the other sources of theoretical uncertainties and comparable in magnitude with the uncertainties due to the collinear PDFs.
We now analyse the ratios of the q T -differential cross section calculated with a flavour-independent set of nonperturbative parameters in f a NP (b T ; λ ) over the same cross section calculated with flavour-dependent parameters. The results are presented in Fig. 3 for Z, W + , W − . The calculation has been performed by means of a flavourdependent modification of DyqT, where the non-perturbative contributions in Eq. (1) have been coded as:
The values for g evo , Q 0 , g a are taken from Ref. [22] and the flavour-dependence in g a is inspired to the flavour ratios in Ref. [33] . The curves in Fig. 3 correspond to 50 sets of flavour-dependent non-perturbative parameters built according to these criteria. The perturbative accuracy is NLL and the collinear PDF set used is NNPDF3.1 [36] . As predicted by the TMD formalism, the effect induced by the non-perturbative corrections is more evident at low q T . In particular, it is stronger for q T < 5 GeV but sizable up to q T = 10 GeV. The flavour dependence of the intrinsic transverse momentum can modify the shape of dσ/dq T by ∼ 5 − 10% at very low transverse momentum. This observable affects the cross section differential with respect to the kinematics of the final state particles, namely the distributions in p T , p ν T , m T , and thus has an impact also on the determination of the W boson mass. 
IV. IMPACT ON THE DETERMINATION OF THE W BOSON MASS
As previously mentioned, the measurements of m W at hadron colliders rely on a template-fit procedure performed on selected observables, i.e., the distributions in the transverse mass of the lepton pair and the lepton/neutrino transverse momentum. Both CDF and D0 experiments at Tevatron use data from all the three observables. In the ATLAS case, however, the transverse momentum of the (anti)neutrino is used for consistency checks only, since it is affected by larger uncertainties with respect to m T and p T .
In this section we consider selected results concerning the estimate of the uncertainties of non-perturbative origin on the determination of m W . In particular, we focus on shifts of the W ± mass induced by possible configurations for the flavour dependence of the intrinsic transverse momentum, and we will compare them with the corresponding shifts generated by the uncertainties in the collinear PDFs.
In the template-fit procedure, several histograms are generated with a specific theoretical accuracy and description of detector effects, letting the fit parameter(s) (only m W , in this case) vary in a range: the histogram best describing the experimental data selects the measured value for m W . The details of the theoretical calculations used to compute the templates (the choice of the scales, of the collinear PDFs, of the perturbative order, the resummation of logarithmically enhanced contributions, the nonperturbative effects, etc.) affect the result of the fit and define the theoretical systematics.
This procedure can also be used to estimate the effect of each single theoretical uncertainty, by generating sets of pseudodata (with the same event generator used for the templates, but at a lower statistics) differing by the value of the parameter(s) controlling that uncertainty [37, 38] . Fig. 4 contains a graphical illustration of the flowchart for the template-fit procedure, specified to the comparison of one set of pseudo-data generated with flavour-dependent parameters with 30 templates generated with one set of flavour-independent parameters and 30 values of m W (80385 ± 15 MeV with steps of 1 MeV). This method has been also used to estimate the shift in m W induced by the variation of the collinear PDF set in fitting the transverse mass [39, 40] and the lepton p T [40, 41] both at Tevatron and at the LHC in the central rapidity region of the produced electroweak boson (|η| < 1.0 for Tevatron and |η| < 2.5 for the LHC). A similar study dedicated to LHCb and its forward acceptance 2 < η < 4.5 has been performed in Ref. [42] . In the transverse mass case, the total error (envelope) induced by three different PDF sets (CTEQ6.6 [43] , MSTW2008 [44] , NNPDF2.1 [45] ) is less than 10 MeV both at the Tevatron and at the LHC [39] . The results are shown in the left plot of Fig. 5 . The analysis has been performed at fixed-order NLO QCD (O(α s )), thus without all-order resummation, since the m T -shape is mildly sensitive to soft gluon emission from the initial state. The key factor in reducing the PDF uncertainty is the use of normalised differential distributions in the fitting procedure, in such a way to eliminate normalisation effects which are irrelevant for m W .
A similar analysis applied to the lepton p T observable reveals a much larger error due to PDF variations (CT10 [46] , MSTW2008CPdeut [44] , MMHT2014 [47] , NNPDF2.3 [48] , NNPDF3.0 [35] ), as shown in the right plot of Fig. 5 . While the individual sets provide non-pessimistic estimates (O(10 MeV)), the distance between the best predictions of the various sets ranges between 8 and 15 MeV, and the total envelope ranges between 16 and 32 MeV (depending on the collider, the energy and the final state) [39] . While soft gluon emission already provides a non-vanishing transverse momentum, additional contributions may come from the intrinsic transverse momentum of the colliding partons. The study of the impact of a possible flavour-dependent intrinsic k T on the determination of m W has been first performed in Ref. [12] , using the same template-fit procedure described above and sketched in Fig. 4 , performed with modified versions of the DYqT [19] and DYRes [20] codes. In this case, the pseudodata are built with the Gaussian widths g a associated to the different flavours in Eqs. (6) . In order to estimate the impact of the flavour dependence, it is necessary to first identify the "Z-equivalent" sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron colliders. To this extent:
• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) q T -spectrum for the Z boson is produced based on the parameters presented in Ref. [22] ;
• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF and ATLAS experiments;
• several flavour-dependent sets for g a in Eq. (6) are generated randomly within a variation range consistent with the information obtained in previous TMD fits (in particular, taking into account the estimate for the flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22] );
• a flavour-dependent set is defined "Z-equivalent" if the associated q T spectrum for the Z has a ∆χ 2 ≤ 1 with respect to one generated by the flavour-independent set.
The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30 ones which are "Z-equivalent" both with respect to CDF and ATLAS uncertainties have been investigated. The values of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through this procedure is given in Tab. III. The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent those templates for which ∆χ 2 = χ 2 −χ 2 min ≤ 1. Overall, the quoted statistical uncertainty on the results in Tab. III is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W ± transverse momentum, the corresponding shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary, in the p T case the shifts can be incompatible with statistical fluctuations and are comparable to the ones induced by collinear PDFs, with an envelope of 15 MeV in the case of W + production and 11 MeV for W − production. We also notice a hint of a possible anti-correlation between the shifts in the W + and W − cases, as it was also noticed in Sec. III.
Along this line, we also stress that ATLAS measured m W + −m W − = −29±28 MeV [4] . From Tab. III, we can infer that part of the discrepancy between the mass of the W + and the W − can be artificially induced by not considering the flavour structure in transverse momentum. For example, the sets 1 and 2 in Tab. II feature δm W − > δm W + (induced by p T ). This implies that for templates built with sets 1 and 2, instead of flavour-independent values, the difference between the two masses would be reduced. An opposite result would be obtained if building templates with flavour-dependent sets for which δm W − < δm W + (e.g. sets 3 and 5, for the p T case).
V. OUTLOOK AND FUTURE DEVELOPMENTS
The selected results presented in this contribution point out that the impact of a possible flavour dependence of the intrinsic partonic transverse momentum should not be neglected, even in the kinematic region where nonperturbative effects are expected to be small [49] [50] [51] , such as for electroweak boson production at the LHC.
This kind of uncertainty directly affects the electroweak observables relevant for the measurement of m W : the transverse momentum distribution for the W and the decay lepton, and the transverse mass distribution of the lepton pair. The numerical results presented in Sec. III and Sec. IV indicate that flavour-dependent effects are comparable in size to other uncertainties of (non-)perturbative origin (for example, the choice of collinear PDF set). Thus, a flavour-blind analysis is not a sufficiently accurate option for a program of precision electroweak measurements at the LHC and at future colliders.
Moreover, in hadron colliders at a lower energy such as RHIC and a possible fixed-target experiment at the LHC, the non-perturbative effects can play an even more significant role (due to the larger x-values probed) and affect the study of polarised TMDs [52] and the structure of the light sea quarks [53] .
A detailed knowledge of TMD distributions is thus important, not only for nucleon tomography beyond the collinear picture [54] [55] [56] [57] [58] [59] [60] [61] [62] , but also to constrain fundamental parameters of the Standard Model, thus providing a direct connection between hadron physics and the high-energy phenomenology.
In light of these results, we call for improved investigations of the impact of nonperturbative effects linked to the hadron structure at hadron colliders and for the inclusion of these effects in the event generators employed in experimental and theoretical investigations of high-energy physics.
In CuTe [10] there is a single nonperturbative parameter entering the cross section:
The same happens in DyqT [19] and DYRes [20] , in terms of the nonperturbative parameter g N P :
We obtain the parameter employed in CuTe as
and similarly for the DYqT parameter:
, g N P = 2Λ 
